fumarate Michael acceptors to give tri-substituted pyrrolidines. The process is efficient and highly diastereoselective. This methodology has been applied to a concise asymmetric synthesis of (+)-allo-kainic acid.
compounds. 5 Among the kainoids, (+)-allo-kainic acid 1, 6 has received considerably less attention than its C3-C4 diastereomer, (-)-kainic acid. 7, 8 Figure 1. Structures of kainoids. The red color highlights the analogy with L-glutamic acid. 5 For reviews on kainoid syntheses, see: (a) Parsons, A. F. Tetrahedron 1996, 52, 4149. (b) Moloney, M. G. Nat. Prod. Rep. 2002, 19, 597. 6 For the isolation of 1 from Digenea simplex, see: (a) Murakami, S.; Takemoto, T.; Shimizu, Z. J. Pharm. Soc. Japan 1953 , 73, 1026 Marimoto, H. J. Pharm. Soc. Jpn. 1975, 75, 766. (c) Murakami, S.; Daigo, K.; Takagi, N.; Takemoto, T.; Tei, Z. J. Pharm. Soc. Jpn. 1955 , 75, 1252 As outlined in Scheme 1A, these synthetic efforts can be divided into "single bond disconnections" and "multiple bond disconnections". The former approaches are based on the formation of the pyrrolidine ring and the control of the three contiguous stereocentres while forming a single C-C bond on an advanced intermediate. 7 The latter, and more direct approaches assemble the highly substituted pyrrolidine ring by forming two C-C bonds simultaneously. 8 Upon inspection of these methods we were intrigued that attention has been almost exclusively given to the disconnection across the C2-C3 and C4-C5 bonds. 9
Scheme 1.
We have recently reported the Pd°-mediated annulation of vinyl aziridines 2 with Michael acceptors in the stereocontrolled synthesis of substituted pyrrolidines and we have applied this methodology to a short formal 7 Ene reaction: (a) Oppolwer, W.; Robbiani, C. Helv. Chim. Acta 1980 , 63, 2010 Robbiani, C. Battig, K. Helv. Chim. Acta 1980 , 63, 2015 synthesis of (-)-kainic acid (Scheme 1B). 10,11 Whilst the methodology resulted in rapid construction of the pyrrolidine ring, it required additional functional group interconversion and redox chemistry to reach the target. We recognized that a similar reaction manifold, but with the correct juxtaposition of functional groups in the two reacting components could result in formation of the kainoids with minimal downstream manipulation. In this communication we describe our success in achieving a short, stereocontrolled total synthesis of 1 using this strategy.
In our retrosynthetic analysis we envisioned the disconnection of 1 via a single key step (Scheme 1C). We reasoned that opening of vinyl aziridine 3 12 and concomitant annulation with a suitable fumarate derivative 4 would lead to the pyrrolidine ring with the functionality required for the kainic acids and the correct stereochemistry for (+)-allo-kainic acid 1. From pyrrolidine 5, a single functional group manipulation, namely the Arndt-Eistert homologation, and subsequent deprotection would complete the total synthesis. Initial efforts at promoting reaction between aziridine 3 and Michael acceptors 4a (R = H) and 4b (R = OEt) using our previously optimized conditions, however, {[Pd 2 (dba) 3 •CHCl 3 ], 13 P(furyl) 3 and TBAC 14 in THF} 10 were fruitless (Table 1, occurring but that the Michael acceptor was not reactive enough to undergo the addition process. 15 We reasoned that the use of a more activating group such as a thioester or an oxazolidinone would promote the initial nucleophilic attack. Pleasingly, when thioester 4c was used, the reaction gave a mixture of diastereoisomers 5cA-C in good yield but with poor diastereocontrol (entry 3). The diastereoisomers were separated and their structure elucidated on the basis of their characteristic J values and nOe experiments. 16 At this point the reaction parameters were further explored. The use of alternative halides was not effective (entry 4). 17 Attempts to control both relative and absolute stereochemistry were explored initially using chiral ligands. However, the Trost ligand 6 gave the product in 52% yield but similar dr and without any enantioinduction (entry 5). 18 We then explored chiral auxiliaries. When oxazolidinone-based acceptor 4d was used the formation of diastereomer 5dC was suppressed but a 1:1 mixture of 5dA and 5dB isomers was obtained but again with no control from the chiral auxiliary (i.e. after removal of the auxiliary the product was racemic) (entry 6). We believed that the poor diastereocontrol from the auxiliary was due to two competing isoenergetic pathways arising from the fast interconversion of the syns-cis and anti-s-cis conformations around the auxiliary (Scheme 2A). 19 Attempts to control this using chelating Lewis acids was however unsuccessful and no product was obtained (entry 7). 20 These unproductive avenues prompted us to investigate the use of a different mechanistic pathway for the implementation of this tandem process. We envisaged the use of a bifunctional activator of generic structure M-X where M (metal) would display sufficient Lewis acidity to activate the carbonyl group (via coordination) and X would display appropriate nucleophilicity to open the aziridine regioselectively (via an S N 2' process). We were particulary intrigued by early reports from Carreira 21 and Lautens 22 where MgI 2 has been found to be a competent electrophilic/nucleophilic promoter in the opening of cyclopropanes. 23 We thus speculated that addition of equimolar amounts of MgI 2 to our reaction would both open the aziridine and activate the fumarate derivative. Our plan was not without potential problems since M-X salts (M = Mg, Li, In; X = I, Br, Cl) have been reported to open (vinyl)-aziridines at the less substituted position. 24 Whilst reactions with fumarate derivatives 4a and 4c were not successful, they did give the aziridine ringopened product 7 showing that the S N 2' with MgI 2 had occurred in the desired manner (entries 8-10 and Scheme 3). Pleasingly oxazolidinone 5d showed the right chargeaffinity pattern and the 2,3,4-trisubstituted pyrrolidine product was obtained in 63% yield, 9:1 dr (favouring 5dA) and essentially complete enantioselectivity (entry 11). Oxazolidinone 5e has been reported to be superior to 5d in asymmetric 1,4-nucleophilic additions, 25 but in this case only a low diastereoselectivity was obtained (entry 12).
Scheme 2.
The stereochemical model for this new annulation reaction is provided in Scheme 3B and is based on attack of the ring-opened aziridine on the more accessible Si face of chelated syn-s-cis conformation of 4d. 26 Following S N 2'-type cyclisation of the intermediate enolate in the all-anti conformation (minimizing nonbonded interactions) results in the observed stereochemistry.
Scheme 3.
The complete total synthesis of (+)-allo-kaininc acid. (+)-1 is shown in Scheme 4. Having found the appropriate conditions to access pyrrolidine 5dA, the auxiliary was removed by base hydrolysis to afford acid 8. In summary, we have developed a powerful annulation method for combining readily accessible vinyl aziridines with Evans' fumarates for the stereocontrolled synthesis of densely functionalized pyrollidines. The methodology has been applied to a concise asymmetric synthesis of (+)-allo-kainic acid. 
